ABSTRACT The decay of the tryptophanyl emission in proteins is often complex due to the sensitivity of the tryptophan excited state to its surroundings. The traditional analysis of the decay curve using exponential components is based on the identification of each component with a particular protein conformation. An alternative approach assumes that proteins can exhibit a large number of conformations and that, at room temperature, the interconversion rate between conformations can be of the same order of magnitude as the excited-state decay rate. Following this assumption, the analysis of the protein emission was performed using continuous distributions of lifetime values. The number of average protein conformations, the range of mobility around each conformation, and the rate of interconversion between conformations determines the characteristics of the lifetime distribution. The fluorescence decay from some single tryptophan proteins was measured using multifrequency phase fluorometry and analyzed using a sum of exponentials, unimodal and bimodal probability-density functions, and the analytical form for lifetime distribution obtained for a model in which the tryptophan residue can move in a single potential well. For ribonuclease TI and neurotoxin variant 3, the sum of two exponentials and bimodal probability-density functions gave comparable results, whereas for phospholipase A2, the description of the decay required three exponentials or bimodal probability-density functions. Also the temperature dependence of the fluorescence decay was investigated. It was found that the lifetime distribution was broader and shifted toward longer lifetime values at lower temperature. The analysis of the decay of tryptophan in buffer and of some tryptophan derivatives gave single-exponential decays. The single-potential well lifetime distribution, which has only three adjustable parameters, gave good fits for all cases investigated, but in the case of phopholipase A2, the temperature dependence of the parameters that describe the single-potential well distribution indicated the inadequacy of this model at lower temperature, suggesting that multiple potential wells can describe better the decay for this protein.
INTRODUCTION
The sensitivity of the excited state of a fluorophore to the physicochemical properties of its environment is a major reason why fluorescence techniques are so frequently used to study protein structure and function. However, this self-same sensitivity frequently makes the signals too complex to be interpreted simply, irrespective of the fluorescence property being measured. Of all the fluorescence parameters that can be measured, the fluorescence lifetime is often the most problematic to interpret as it is subject to perturbation by both mechanical and physicochemical factors and it is often difficult or impossible to identify the perturbants unequivocally in a macromolecule. However, fluorescence lifetime values are highly sensitive to the particular environment. In a recent review (1) it is reported that the lifetime of the tryptophanyl residue varies by more than of a factor of 100 in different proteins. Also it is well Correspondence should be addressed to Enrico Gratton. established that protein structural fluctuations can occur in the nanosecond-picosecond time scale (2) (3) (4) (5) . It is legitimate to believe that these rapid fluctuations would affect the lifetime value. Furthermore, it has become apparent that the interpretation of particular fluorescence lifetime values in terms of water accessibility to, or location of a fluorophore in a protein often cannot be justified, and that generalized inferences regarding protein structure made from such data may be invalid.
More recently, it has been proposed that even the traditional approach to interpretation of fluorescence lifetimes, per se, may be suspect (6, 7) . For example, we have grown accustomed to interpreting fluorescence intensity decay curves in terms of an exponential model, from which one or more fluorescence lifetime components are assigned based on an appropriate statistical fitting procedure. However, a problem arises when physical interpretation is sought for the apparent multiexponential intensity decay observed in proteins (or other macromolecular systems) containing a single fluorophore, or ostensibly, a single presumably homogeneous population of fluorophores. Such multiexponential decay is the rule rather than the exception in many proteins containing a single tryptophan residue (1) . In principle, should a biexponential decay process be observed for a protein containing a single fluorophore, it seems quite reasonable to suggest the existence of two conformations of the protein. But it is usually difficult to rationalize the physical structure of the protein with the existence of two unique conformations even for the indole moiety only (8) . Clearly, the inference regarding a number of unique conformations, in this instance two, is biased by the assignment of a biexponential decay. Furthermore, the limited resolvability of the data in lifetime components provided by current instrumentation (6, 7) does not allow one to distinguish among the different factors involved in the decay. The observed signal may easily constitute a superposition of heterogeneous decays comprising individual lifetime values that are very close to one another. The assignment of one or more exponentials to describe the overall decay process can hide the true physical origin of the lifetime heterogeneity (6, 7) . Furthermore, given the sensitivity of the lifetime value to the different microenvironments and the multitude of different conformations present in a protein molecule (9, 10) , there is no a priori reason to expect an exponential decay behavior for a residue in a protein except under very specific circumstances.
Here we present the analysis of fluorescence decay data obtained using multifrequency phase fluorometry of a few single tryptophan residue proteins in a limited temperature interval and in terms of distributions of lifetimes based, in good measure, on the principles outlined in the previous articles (7, 1 1). The fits obtained using a sum of exponentials, probability-density functions, and an analytical expression for the single-potential well lifetime distribution are compared and discussed. Preliminary accounts of the interpretation of the fluorescence lifetimes of the tryptophan moieties in proteins, and of the tryptophan itself in terms of distributions, have appeared previously (12, 13) .
DISTRIBUTION OF LIFETIMES IN THE FREQUENCY DOMAIN
The derivation of the equations used for the fits reported here are briefly presented. Refer to the two previous papers (7, 1 1) for a complete discussion of the minimum resolvable width for a lifetime distribution of a given shape, for the ability to recover the distribution shape using probability density functions, and for the equations used to derive lifetime distributions using protein dynamics concepts.
The fluorescence intensity may be described by the following equation:
where n is the total number of independent components of the decay. ln Eq. 1, f, is the fraction of light (photons) contributing to the total fluorescence by the ith component and the pre-exponential factor is proportional to the product fil-,. In the limit when the number of components is large, Eq. 1 can be expressed in integral form:
When a set of exponentially decaying components is excited by light intensity sinusoidally modulated at an angular frequency w given by
where Eo is the average intensity and Me is the modulation of the excitation, respectively, the overall fluorescence response of the system can be written in the following form:
Fo (14):
where
(8)
IF(t) contains the information of the distribution of components in the time domain. S(w) and G(w) are the sine and cosine Fourier transforms of IF(t) and N, a normalization factor. The simplest approach to lifetime distributions assumes that the function f(r) is of a given form; i.e., uniform, Gaussian, Lorentzian, and so on. The equations used for these unimodal and bimodal probability-density functions were given in reference 7. These functions (when normalized) are named probability density-functions due to the fact that data fits using this approach may recover the shape of the lifetime distribution within the limits of resolvability provided by the data in reference 7. A more general approach assumes that lifetime distributions for single tryptophan-residue proteins can be derived based on a physical model. For example, distributions of interconversion rates between two different environments (conformations), each with a characteristic quantum yield, will BIOPHYSICAL JOURNAL VOLUME 51 1987 yield distributions of lifetimes whose shape depends on the distribution of interconversion rates. This model is now under evaluation. Instead, the model used in this article has the analytical form for lifetime distribution derived for the single potential well (11) and it is briefly reported below. The basic assumption is that the probability of decay of an excited residue is determined by the radiative decay rate that is modulated by the environment. Consequently, an exponential decay is assigned to each environment, determined by the particular conformational coordinates of the residue and its local protein environment. The residue in its protein environment is then regarded as a semiclassic mechanical system. The potential energy is a function of the conformational coordinates and, depending on the particular protein, a single well or multiple-potential well may be considered. A potential well represents a stable conformation about which the conformational coordinates of the system oscillate (fluctuate). In the case of a single average conformation, the population of excited residues distribute in energy (dynamic plus conformational) following the Boltzmann distribution. In this model, the width of the well represents the degree of librational freedom of the fluorophore within its immediate environs in the protein, and is related to the density of energy states available in the potential well. In the case of excited tryptophan residues fluctuating around a set of conformational coordinates ( 1), the observed fluorescence decay is given by (10) where P(e) represents the Boltzmann factor,e is the energy, and T the temperature in energy units P(e) =eE/T. (11) D(e) , the density of energy states in the particular well, has the following functional form:
kr is the radiative decay rate, assumed constant, and k(c) is the average decay rate of the particular energy state. It is reasonable to assume that the higher the energy state, the more the residue experiences the different environments the faster is the average decay rate. The following functional form, which was justified in reference11, was used for k(E):
When Eqs. 11-13 are used to conduct the integration of Eq. 10 in lifetime space, the following form was obtained:
where and tunable ultraviolet excitation in the 280-310-nm range, with a linewidth of -0.06 nm. In the reference cell a solution of p-terphenyl in cyclohexane was used to correct for possible "color errors" (17) . A lifetime of 0.99 ns was assigned to this reference. An excitation polarizer at 550 with respect to the horizontal eliminated possible polarization effects. The emission was observed using two LG-350 filters to eliminate scattered radiation from the laser. The modulation frequencies employed were in the 1-400-MHz range. Generally, 8 to 16 different modulation frequencies were used for each data set. Data were collected until the standard deviation from each measurement of phase and modulation were at the most 0.20 and 0.004, respectively. The measurements on each individual protein were repeated at least three times using independent preparations.
The wavelength used here to excite the protein was 300 nm, which corresponds to the red edge of the absorption of tryptophan. At this wavelength tyrosine residues are not excited, which minimizes heterogeneity of the emission due to excitation of more than one species and also minimizes energy transfer from tyrosine to tryptophan residues. Additionally, 300 nm excitation selects a population of tryptophan residues not likely to be affected by dipolar relaxation processes occurring during the excited-state lifetime. This excitation wavelength does not eliminate the risk of tyrosinate excitation and emission, but any possible effects of the latter are mitigated by the low quantum yield of tyrosinate emission (18, 19) and also its apparently rare occurrence in proteins. Further, from their spectral characteristics, there is no reason to suspect the contribution of tyrosinate fluorescence in any of the proteins studied. These were all necessary conditions to be considered before further evaluation of the data, irrespective of the analytic method employed.
The sample temperature was controlled using an external bath circulator (model LT50; Neslab Instruments Inc., Portsmouth, NH). The temperature of the sample was measured before and after each measurement in the sample cuvette using a digital thermometer (model 410B-TC; Omega Optical Inc., Brattleboro, VT). Solutions were not deoxygenated.
For the data fits a nonlint ar least-squares algorithm for the multiexponential analysis (20) and a Simplex algorithm (21) for the distributional analysis were used. In both cases, the function to be minimized was the reduced respectively, according to Eqs. 5 and 6; X, and M} are the measured values of phase and modulation at the frequency w; a: and v' are the standard deviations of the measurements of phase and modulation, respectively; f is the number of degrees of freedom and n the number of modulation frequencies. An acceptable fit should give a value of x2 close to unity. However, to expedite calculations, the value of a: and am were assumed to be the same for each measurement j, so that the common value of the standard deviation can factorize out from Eq. 18. A value of 0.20 and 0.004 was used for the standard deviation of phase and modulation determination, respectively. These values were very close to the experimental standard deviations, since data were acquired at each modulation frequency until the desired standard deviation was reached. The values of the parameters obtained in the fit are independent of the common value assumed for the standard deviations (20) . Using this procedure, the values of the x2 can be different from one even for a good fit. However, here we compare the values of the x2 obtained using different models but using the same values for the standard deviation. We should note that phase modulation fluorometry offers the equivalent of delta function excitation (zero-pulse width) in the time domain. This means that problems inherent in deconvolution of measured intensity decay profiles are avoided; when such problems exist, they can complicate the analysis of IF(t) curves in terms of distributions of lifetimes.
Each enzyme preparation (determined by lot number) was subject initially to SDS-polyacrylamide gel electrophoresis and assayed for activity by published methods (22) . Ribonuclease Ti (RNAse TI) was obtained from Boehringer-Mannheim. The protein was >98% pure by electrophoretic analysis and had high specific activity. RNAse 
RESULTS
Although the data described below relate exclusively to fluorescence lifetimes, it is worthwhile to mention briefly a few details regarding other optical spectral properties of the proteins. The fluorescence emission spectra of RNAse TI, PLA2, and NTV3 show maxima at 320, 334, and 339 nm, respectively, when excited at 300 nm, the excitation wavelength used for lifetime measurements in our experiments. In all proteins, excitation at 280 nm resulted in an increase in quantum yield of apparent tryptophan emission in excess of that expected by an increased extinction coefficient. This was particularly noticeable in RNAse TI and is most likely due to energy transfer from tyrosyl residues as noted by Oobatake et al. (25) . Avoidance of energy transfer is obviously paramount for fluorescence lifetime studies. Using excitation at 300 nm there was no anomalous "lengthening" of the lifetime determined from the phase angles, which, if it had been present, would have signified existence of energy transfer (26) . Lastly, absorption and emission spectra showed no unusual features to suggest interference from any extraneous substances.
In Table I we present the phase and modulation data obtained for tryptophan in water at pH 6, tryptophan in glycerol, n-acetyl-tryptophan amide (NATA), 5-methyl indole in CH3a CN and in a-cyclodextran. We present also data obtained at 250C for the five single tryptophan proteins investigated here. The major criteria for inclusion in the study were that each protein should have a single tryptophan residue, that the protein should be monomeric and that the crystal structure of each should be available. The first-mentioned criterion assures the simplest possible protein system for study, while the last-mentioned criterion should allow eventually a correlation to be drawn between the protein's structure and its luminescence characteristics.
Phase and modulation data were collected at least three times for each protein preparation. Different runs gave identical results. This section presents the results of the fits using different functions to describe the decays. First, the fluorescence decay is analyzed using sum of exponentials, Secondly, probability-density functions of different shape were used with the intent of recovering the shape of the lifetime distribution (7) . Of course, this approach gives no direct insight on the physical origin of the distribution. Finally, the function for lifetime distributions derived in our previous paper (11) based on the description of the single-potential well with multiple-energy substates was employed for the fits.
Exponential Fits
In Table 11 Probability Density Functions Below we analyze and discuss fluorescence decay data of the above proteins based on a variety of probability-density functions from which general trends of the behavior of the lifetime distribution with temperature can be obtained.
Unimodal Probability Density Function
Fits. The three two-parameter functions used were the uniform, the Gaussian, and the Lorentzian (Table III) . The two parameters that define each probability-density function are the center and the width (7). The three functions are symmetric about the center that corresponds to the average value of the distribution. For the three functions the widths are defined as the full-width-halfmaximum (FWHM). All distributions used here were normalized and defined only in the positive lifetime domain. Fig. 1 shows the center and the width values obtained for the fits using the uniform probability density function to the PLA2 data for the temperature range from 4.90 to 33 monotonically as the temperature increases. The higher the temperature, the shorter the average lifetime. (b) The distribution becomes narrower with increasing temperature. The same qualitative behavior was observed using the Gaussian and Lorentzian functions (data not shown). Furthermore, the same results were obtained in the cases of NTV3 and RNAse TI, irrespective of the probability density function used. We previously reported similar results (12, 13) . With exception of the Gaussian fit to PLA2 in the temperature range from 200 to 250C, the three symmetric unimodal probability-density functions mentioned here do not fit the data as judged from the x2 value (Table III) . We note that in this case we have only two independent parameters in the fit, the center and the width (FWHM).
Bimodal Probability Density Functions. Bimodal uniform, Gaussian, and Lorentzian probabilitydensity functions were also used to fit the fluorescence decay data from NTV3, PLA2, and RNAse TI (Table  III) . Fig. 2 shows the results obtained for the bimodal uniform distribution. The shapes of the distribution obtained are clearly asymmetric. Furthermore, the two trends observed above using the unimodal probability density functions were also present in this case (data not shown): The center of gravity of all bimodal probabilitydensity functions monotonically shifted to lower lifetime values and the overall distribution became narrower as the temperature was increased. It should be mentioned that the data fits using bimodal probability-density functions required five parameters (two centers, two widths, and the relative ratio of the two components of the distribution).
Single-Potential Well Fits Fig. 2 (shaded areas) shows the single-potential well lifetime distribution of PLA2, RNAse TI and NTV-3 at 250 C. (27a) and in x-ray structure (27a, 28) show that the form of the distribution is essentially identical, with perhaps a slight preponderance of longer-lived components. Small changes of the shape of the distribution of RNAse TI, NTV-2, and NTV-3 in the temperature range studied (4.9°-33.30C) were observed (data not shown) to follow the two trends discussed above. Fig. 3 Lifetime (ns) FIGURE 3 Evolution of the lifetime distribution of PLA2 with temperature. As the temperature increases the center-of-gravity shifts to shorter lifetimes and the distribution becomes narrower. A, B, and C correspond to data fits at 4.90, 20.50, and 33.30 C, respectively. mum lifetime limits over which the distribution extends, and the power law of the density of states that is a measure of the potential well width, or equivalently, a measure of the motional degree of freedom allowed by the conformation. In the case of PLA2, the two-component model does not fit the data, but the single potential well distribution does fit all three proteins with comparable or smaller x2 values than were obtained for the two component model. For the single-potential well distribution of this protein, the value of the exponent of the function density of states decreased at lower temperature, which can be interpreted as a restriction of the motional freedom at lower temperature (1 1). However the X2 value of the single-potential well fit was higher at lower temperature (Table IV) indicating a progressive failure of the model at lower temperatures.
DISCUSSION
The Meaning of Lifetime Distributions
The interpretation of the fluorescence decay for a series of four proteins and at several temperatures using lifetime distributions assumes that lifetime heterogeneity arises from a multitude of different conformations. One must distinguish between the actual value of the average fluorescence lifetime and the distribution of lifetimes about that average value. Neither from this data nor from the distribution analysis presented above can we speak sensibly to the issue of the factors determining the actual value of the lifetime. These factors will almost certainly be dictated by the influence of the environs on the excited state of the fluorophore, while the distribution per se is, in our view, dominated by the peculiarities of the potential well in which the aromatic side-chain librates. The distributional approach we present is dominated by the assumption that the mobility of the residue is the major determinant of the form of the distribution, but may be less important as a determinant of the lifetime value per se. The motion of the indole ring, determined by rotations about the XI and X2 dihedral angles, will allow the fluorophore to sample the entire microenvironment of the potential well in which it is rotating or librating. This in turn means that the fluorophore will be influenced variably by the moieties local to a particular region of the potential well. The shape of the distribution, therefore, will depend on the free volume available for motion. A broad distribution would be expected for tryptophan residues free to move through large angles. Such a situation is more likely for residues on the surface of proteins or in water-filled pockets, given the obvious constraints put on the existence of empty volumes in the interior of proteins. The tryptophan in PLA2 provides an excellent case in point as it lies on the surface of the protein fully exposed to solvent. The molecular graphics display shown in Fig. 4 makes the motional freedom of the residue quite apparent. The same conclusion has been drawn by other authors, most recently by Ludescher et al. (27) , who have also suggested the existence of a distribution of states to explain the apparent multiexponentiality of the fluorescence decay in PLA2. This inference is also supported by the relatively low, steady state anisotropy values noted for tryptophan fluorescence of PLA2 (27) . It is important to note that torsional motions of the indole ring per se might contribute to the occupation of different states. Howard and Schalg (29) have provided evidence that in a low-pressure gas there is a dependence of the fluorescence emission on rotational motions, and that this influence is extended to both radiative and nonradiative rates. Similarly, Engh et al. (30) inference may be drawn for tyrosine fluorescence from the recent data of Ross and co-workers (35, 36) . Despite what we have stated above, the mere fact that a tryptophan is fully exposed to solvent does not inevitably mean a high degree of mobility. For example, some tryptophan residues show strong nonbonded interactions with the protein matrix such that they appear to lie on the surface of the protein, whereupon motion about the Ca-C3 and Cf3-Cy bonds must be minimal (37) . Good examples of this situation are found in WI 5 of the liver alcohol dehydrogenase and W48 of staphylococcus nuclease (37) . The tryptophan of NTV3 (Fig 4) appears to be similarly disposed though not quite as stringently as, say, WI 5 of LADH. The environment of the tryptophan in NTV3 is however, made rather unusual by the close proximity of a cluster of tyrosyl residues. At least one of these must be interacting strongly with the tryptophan ring given the clear evidence of ring current effects on the proton NMR resonances of the indole moiety in this protein (28) . Thus, the tryptophan in NTV3 also suffers a number of likely restrictions on its motion, and these are probably the determinants of the relatively narrow distribution of lifetimes, the short average fluorescence lifetimes being determined by the electronic character of the fluorophore's environs. Our approach would suggest that the mobility of the tryptophan in RNAse TI is also highly restricted so that the fluorescence lifetime distribution is narrow. Indeed James et al. (38) have suggested that the tryptophan fluorescence intensity decay in RNAse TI is monoexponential.
So far, we have used water accessibility implicitly as an indicator of the likely free volume available for the tryptophan residue to move. The graphics depiction of Fig. 4 shows clearly that water has very limited-access to the indole moiety in RNAse TI (39) , which support the conjectures of Eftink and co-workers (40, 41) and James et al. (38) , who inferred such limited accessibility on the basis of fluorescence-quenching data. Calculation of the average distances of separation by use of van der Waals surfaces show the "pocket" in which the tryptophan is very tightly packed (Fig. 4) . These inferences based on the graphics data and the fluorescence-quenching results are also supported by steady state and time-resolved anisotropy data (41) , which suggest that the indole ring in RNAse TI is essentially incapable of much local motion.
Temperature Effects
The previous paper (I 1) shows that the dynamic nature of the protein can affect the fluorescence decay. We reasoned that in the limiting case of the frozen protein (negligible dynamics), one may consider that the fluorescence is determined by a set of exponentials for which the lifetimes and amplitudes are characteristic of the set of environments of the excited residues in the protein. However, as the dynamic nature of the protein is allowed to play its role, the excited tryptophan residues become exposed to electronic environments, the nature of which vary with time. Then the set of amplitudes and decay times that characterizes the overall fluorescence will no longer resemble the set of static environments to which the excited residues are exposed in the frozen protein. The two general trends of the characteristic parameters of the lifetime distribution observed as the temperature was changed for the proteins studied with their single tryptophan residues exposed to quite different environments can be qualitatively explained as follows. As the temperature increases, the rate at which the protein fluctuates in stable conformations and the rates at which it interconverts among different conformations increases. The localized environment in the protein matrix experienced by the tryptophan residue during its excited lifetime becomes more homogeneous, which leads to a more homogeneous decay and the resulting narrow distribution. Broad distributions as those seen in PLA2 should therefore narrow substantially at higher temperature. This model suggests (and our data support the view) that intrinsically narrow distributions are not likely to be markedly influenced in width by increasing the temperature. In the case of NTV3 and RNAse TI the shape (as obtained from the probability density functions fit and as measured by the value of the exponent f) of the lifetime distribution as a function of temperature remains relatively narrow at low temperature, suggesting that the tryptophan residues in these proteins have restricted mobility around an average conformation.
The single-potential well model used to derive continuous lifetime distributions seems to have limited applicability for PLA2. The temperature behavior of the lifetime distribution for this protein (Table IV) Gratton, unpublished observations). Analysis of the decay using exponentials yielded a fluorescence lifetime of 10.7 ns. The distribution analysis for these indole derivatives collapsed to a single exponential, or more precisely, if the resolvability provided by the data (0.1% error in the measurable quantities) is taken into account, the fluorescence decay can be described by any distribution function of width indistinguishable from a single exponential.
CONCLUSIONS
The fluorescence lifetime distribution is determined by the multitude of conformational substates in a protein and by the dynamics of the protein as experienced by the tryptophan residue. Such a statement is supported by fits to fluorescence-decay data using probability-density functions and by the single-potential well model. The range of conformational substates differing in lifetime value changes markedly from one protein to another. The results show that the average lifetime of the decay and the width of the distribution decrease their value with increasing temperature. Such behavior is characteristic of the model analyzed in the previous paper (1 1). Fits to data from the four proteins studied here, in aqueous solutions, in the limited temperature range and with very different environment for the single-tryptophan residues show that at temperatures higher than 250C, the tryptophan residues fluctuate among different substates at rates comparable or higher than their excited state fluorescence lifetimes in the respective proteins. The suggestion that there are conformational substates in proteins is obviously not new (9, 10) , and the fluorescence method we describe may provide a good approach to the study of conformational substates and of the energetics of such substates providing further validation of the distributional model. One particular advantage of the fluorescence approach can be the apparent ability to quantify the interconversion rates and therefore, to be able to approach or access the time scale of the events predicted by the molecular dynamics calculations (5, 43) . Further development of the distribution model will require correlation of its predictions with the structure of the proteins under study and with the results of molecular dynamics calculations. The sensitivity of the apparent structural fluctuations to temperature and to ligand binding and sites on the protein remote from the fluorophore's location, and the role of preferential (but noncovalent) interactions of the fluorophore with the protein matrix in determining the form of the distribution, all need to be examined. In addition, more detailed studies using molecular dynamics simulations must be done to characterize the dynamics of the indole ring in proteins. The value of determining the two-dimensional potential energy surface of the indole ring about the XI and X2 dihedral angles have been amply demonstrated by the recent work of Haydock and Prendergast (44) and Engh et al. (30) . Also a more complete understanding of the role of electrostatic interactions in determining the actual (average) value of the fluorescence lifetime of indole moieties is essential. Preliminary data relating to this question have recently appeared (45, 46) .
The results presented here were obtained from preliminary and incomplete data, i.e., no studies of the quantum yield as a function of temperature were presented that are suggested by our model (11) . Collection of data over a wider temperature range and fits using the interconverting conformational model (two-potential well) is in progress. The analysis we have provided represents only an initial attempt to interpret the nature of tryptophan-fluorescence lifetimes in proteins.
